An in clined-plane apparatus was used in obtaining static friction data for various lubricants with different metal combinations. Special lubricants, s uch as ch lorinated and fluorinated hydrocarbons, were compared with a reference mineral oil. The effect of additives, s uch as graphite, molybdenum di sulfide, zinc oxide, boron nitride, and an oxidized petroleum compound, was investigated. Metal combinations involving stainless steels, carbon steel, cast iron, aluminum alloy, and chromium plate we re used.
I. Introduction
Static friction data were obtained for making a practical comparative evaluation of the oiliness of special lubricants when used with various metal combinations. Navy symbol 2110 oil was used as a reference lubricant for comparing the friction obtained with the special lubricants. The work was done at the request of the Naval Ordnance Laboratory, which furnished most of the lubricants and the unmachined metals and specified the metal combinations to be used. The time allotted did not permit a comprehensive investigation, but it is believed that the data may be helpful to those interested in the use of these types of lubricants and metal combinations.
II. Apparatus
An inclined-plane apparatus was used for making the static friction tests . The coefficient of friction, j, is defined as F j W, where F is the tangential force at the sliding surface, and W is the force normal to the surface. As is customary with this type of apparatus, the tangent of the angle with the horizontal when a rider on the incline starts to slide is used as a measure of j. For a given vertically applied load, the magnitude of W changes with the angle of the inclined plane, and the distribution of the load at the sliding surface varies with the angle. However, these variations are not important, as the coefficient of friction was found to be practically independent of load over a wide range.
The testing machine is shown in figure 1. An electric hot plate is mounted on transite between two journals. A handwheel acts through a 100-to-1 reduction gear to give slow tilting of the hot plate. A pointer, perpendicular to the hot plate, indicates on a calibrated scale the tangent of the angle between the surface of the hot plate and the horizontal. The heavy cylindrical weight at one corner of the transite mounting is used to load the reduction gear in one direction, thus eliminating backlash. The plate specimen is fastened to the hot plate with two screws. A loading yoke with a weight pan and weights gives the desired load on the rider specimen. Two stcel bars (thicker than the plate specimen), fastened to the hot plate, have several pairs of tapped holes to allow fastening of cross bars at different positions. One of these cross bars (at the left in fig. 1 ) is pro- vided with an electrically insulated scr ew and n eedle that ar e connected in series with a dry cell, lamp, and rider. Connection from the lamp to the rider is made wi th a No. 38 copper wire in su ch a way as not to influen ce movemen t of the rider . When the rider contacts the needle, the complet ed circuit is indicated by the signal lamp. The temperature, controlled manually, is measured by a thermocouple fas tened to the plate specimen.
T ypical test specimens ar e sho wn in figure 2. The plate dimensions ar e % in. by 2 in. by 7 in. , and the rider dimensions ar e 7f by 1 by 2 in. Each rider has a cone-sh aped depression form ed in th e cen ter of its upper surface fo r lo cating the point of th e loading y oke. The central portion of th e underside of each rider is undercu t so as to leave a bearing surface 7~ by 1 in. a t each end. The tapped holes for fastening t he th ermocouple to th e plates and th e screws for fastening the signal ligh t wire to th e riders are shown in figure 2. The rider and plate shown in th e background were finished by grinding. After the plate shown in th e foreground was ground, it was lapped, and th e con tacting surfaces of th e rider were finish ed by lapping and polishing.
III. Metal Combinations
The code numbers and dcscrip tions of th e plate s pecimens ar e given in thc following tabulation . The code numbers and descriptions of the rider specimens ar e given in th e following tabulation .
Code No.
Mater ial Remarks The specimens of stainless steel 43 1, 440C, and 416 were hardened by h eating to 1,850° F and quen ching in oil, and temper ed by h eating a t 500° F for 1 hI' and cooling in air.
The sh arp edges of th e 7~ by I-in. con tact surfaces of th e riders were stoned n.nd poli sh ed to preven t any shaving effect.
The values of roughness given ar e in microinch es (rms) as determined by an Abbot Profilometer.
With th e lapped cast iron (2-L ) th e open pores gave erratic high r eadings above 2 J.1. in., but examination with an in terfer ence microscop e indicated a roughn ess of about 2 J.1. in. , if th e por es were n eglected . With th e ground rider , roughness was measm ed on the backs of th e sp ecim ens, which wer e ground in t h e same manner as the con tacting surfaces_ It is assum ed th at th e lapped and polish ed smfaces of the riders h a d a roughness less th an 1 J.1. in . In the code numbers, L m eans lapped, and LP m eans lapped and polish ed.
A cast ir on plate wi th grids was used to charge a similar lead-tin-alloy plate, which was then rinsed and used to lap the tes t specimen s. This m ethod "prev en ted charging of th e specimens with abrasives . After lapping th e riders wer e polish ed on 4/0 polishing paper r es ting on a surface plate.
The sp ecimen combina tions used in th ese tests ar c listed in the following tabula tion. 
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IV. Lubricants
The lubricants used in this investigation are listed in the following tabulation. Lubricant 7 was selected as the reference oil for comparing the frictional characteristics of the samples, most of which were furnished by the Naval Ordnance Laboratory. The lubricants were received in groups and each group was assigned a series number.
V. Test Procedure
For cleaning the test specimens, five solvents were used in the following order: Stoddard solvent; carbon tetrachloride; benzene, cp; acetone, cp; ethyl alcohol, 95 percent. Absorbent cotton was used for scrubbing the specimens with the first two solvents. This was followed by rinsing with the other three and drying with clean cotton.
The liquid lubricants were applied to the plates and riders by means of small clean cotton swabs. Grease samples were applied with a finger tip and dry molybdenum disulfide by dusting.
With the plate horizontal, the rider was placed in position, contacting the insulated needle, and the load was applied. The needle was retracted 0.006 in. (% turn of the screw), and the plate was tilted slowly until the rider moved sufficiently to contact the needle and light the signal lamp. The tangent of the angle of tilt was recorded. A second reading was obtained by leveling the plate, retracting the needle another 0.006 in., and again tilting the plate until the signal lamp was lighted. This was repeated, usually lmtil eight readings were obtained, giving a total movement of the rider of 0.048 in. This procedure and series of readings were considered as one test. Between tests the specin1ens were cleaned and the needle was returned to its original position so that the next lubricant could be tested on the same area of the plate specimen. Because of the variation in static friction resulting from such things as the presence of the oxide films, microscopic irregularities of the metal surfaces, and contamination from the atmosphere, tests with the reference oil (Navy symbol 2110) were made in conjunction with each series of special lubricants. For example, with series No.1 and one needle bar position, tests were made with lubricants in the following order of Code Nos. : 7, 7, 13,7, 14, 7, 15, 7 . . After all the lubricants of a series had been tested at one plate area, the needle bar was moved to another position, the rider was lapped and polished again, and the series was tested at the new plate area. In general, these comparative tests were made at tluee different areas of the plate specimens. With each new surface area, two or more tests were made with the 2110 oil to assure reasonable reproducibility before testing the series of lubricants. After three areas had been used on a plate specimen, it was lapped again before being used with the next series of lubricants.
VI. Test Results
Some preliminary testing was done in order to study reproducibility and the effects of temperature and load. The effect of temperature was small and was within probable experimental error for the range of 80° to 120° F. Tests with loads of 5, 10, and 15 lb. indicated that variation in the load had no effect on the coefficient of friction, that is, the tangent of the angle when sliding occurred. This was checked later with the 2110 reference oil and special lubricants 16 and 17, with the 416S-LP rider on the 431-L plate. All the values of coefficient of friction reported herein were obtained at a nominal temperature of 100° F and with a 10-lb . load (40 Ib/in. 2 average). ., ,? 80me tests wer e made with ground surfaces on the metal specimens. Typical data for the 2110 reference oil and lubricants 13, 14, and 15 are shown in figure 3 . The horizontal lines r epresent the averages for each group of data obtained in a tes t. The averages for the reference oil are connected b y broken lines from which vertical lines are drawn to the averages for the special lubricants.
Due to the large spread of data on ground surfaces and the fact that lapped or lapped-and-polished surfaces are more easily reproduced and are more commonly used for machine parts involving small clearances, subsequent tests were made with lapped plates and lapped-and-polished riders. The lapping and polishing processes have already been described. Figure 4 shows t ypical data for the first series of lubricants with the 4168 lapped-and-polished stainless-steel rider on the 431 lapped stainless steel plate. Where a test was obviously not representative it was ignored, as indicated by the question mark for one of the tests with oil 7. Otherwise, the spread of data in figure 4 is much less than in figure 3 .
R epresentative data for the second and fifth series of lubricants are shown in figures 5 and 6, respectively. The data for all the lubricant with this particular metal combination are given in tl1ble 1. These were obtained from plots similar to figm es 4, 5, and 6. The position number r efers to the position of the needle bar, and hence each different position means a different location of the rider on the plate sp ecimen. The spread of data is indicated by giving the maximum and minimum readings for each test, and the a verage corresponds to the horizon tal mean lines as in figures 4, 5, and 6. The percen tage in crease in friction corresponds to the vertical lines connecting the means to the broken lines for the 2110 reference oil. The percentage increase is indicated as n egative when the friction is less than with the reference oil. The reference values of j used for the 2110 Tables 2, 3 , 4, 5, and 6 present similar data for the other metal combinations.
-----------------------

------------------------
The data in the above tables are summarized in figure 7 . The average values of.f for lubricant 7 (2110 reference oil) and special lubricants 13 to 20 are given for six metal combinations. The averages for lubricants 21 to 25 and 31 and 32 are given for the two metal combina tions used with them. Lubricants 26 to 30 were prepar ed at this Bureau and were tested with one metal combination only . .201
• Perccntage increase in average! relative to tcs ts with 2110 oil. • Per ce n ta ge increase ill average j rel ative to tests with 2110 oil. 
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VII. Conclusion
For static friction under the conditions used for these tests, the following indications have been obtained:
1. Polished surfaces sliding on lapped surfaces tend to give lower friction and less variation than ground surfaces sliding on ground surfaces.
2. For the metal specimens tested, with most of the lubricants, the heat-treated stainless steel combinations gave the lowest friction. The chromiumplated rider on the heat-treated stainless steel plate a lso gave correspondingly low friction with lubricants 16, 17, and 19. For the chromium-plated rider and the 304 stainless steel rider on the Alcoa 214 a lloy plate, and for the 1050 steel rider on the cast iron plate, the relative friction varied greatly with the lubricant. Each of these combinations gave high friction with one or more lubricants while giving low friction with other lubricants.
3. The lubricants containing molybdenum disulfide gave the lowest friction, whereas mineral lubricating grease, dry molybdenum disulfide, and the lubricant containing graphite gave friction nearly as low. With the above lubricants the friction was about 50 to 60 percent less than with the 2110 reference oil. The lubricant containing an oxidized petroleum compound and the one containing a silicone grease gave slightly less friction than the 2110 oil. The chlorinated and fluorinated lubricants without additives and the remaining special lubricants gave higher friction than the 2110 reference oil.
These relative evaluations of friction apply only for static conditions as used in these tests. Any significance with respect to kinetic boundary lubrication is questionable, except possibly in those cases where the velocity approaches zero. WASHINGTON, October 9, 1950. 
